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Abstract

We have developed a borehole methodology to estirf@mimation thermal conductivitin situ with a spatial
resolution of one meter. In parallel with a fibgtic distributed temperature sensor (DTS), a rasc# heater is
deployed to create a controlled thermal perturlpafidhe transient thermal data is inverted to eg#rtize formation’s
thermal conductivity. We refer to this instrumeidatas a Distributed Thermal Perturbation Sensdmi8), given the
distributed nature of the DTS measurement techiyoldgpe DTPS was deployed in permafrost at the Higke
Project Site (67°22'N, 110°50'W), Nunavut, Canadmased on DTPS data, a thermal conductivity profiles
estimated along the length of a wellbore. Usingthiermal conductivity profile, the baseline geothal profile was
then inverted to estimate a ground surface temperdiistory (GSTH) for the High Lake region. TheT&Bexhibits
a 100-year long warming trend, with a present-dayigd surface temperature increase of 3.0 = 0.8%¢ the long-

term average.

Introduction

Given that global climate models predict the grsiaitecreases in temperature at Arctic latitudesnges in permafrost are
increasingly looked upon as a harbinger of climat@ange (Anisimov et al., 2007). Borehole thermadfifes provide
information on past ground surface temperaturefiest (GSTH) not available from atmospheric tempeearecords collected
prior to the twentieth century (Lachenbruch & Maih1986; Harris & Chapman, 1997). To invert thaftmrofile data for
estimating GSTH, thermal properties need to betcangd. Prior climate reconstruction studies heitker used laboratory
measurements performed on drill cores or cuttiagrfrents, or have used estimates based on lithadegicriptions (Taylor et
al., 2006; Majorowicz and Safanda, 2001). Imperékit core recovery and the effort required tofpem numerous laboratory

measurements usually dictate simplification ofttrermal conductivity field used in the analyses.



In studies for which drill core has not been recede thermal conductivity is assigned based onigluét values for similar
facies. Chouinard et al. (2007) estimated GSTH dasetemperatures in three closely spaced borehsieg one of three
thermal conductivity values to represent the Iditablogy: argillite (2.4 W it K%), peridotite/gabbro (2.8 W ™K™) and
basalt (3.1 W m K™). However, when detailed thermal conductivity flesf have been estimated based on borehole
temperature profiles, thermal conductivity is usublghly variable (Henninges et al., 2005; Mwemifiio, 1993).

We developed a methodology to determine thermadectivity with depth with a spatial resolution of rheter by
combining a fiber-optic distributed temperaturessenDTS) with a borehole length electrical resiseheater. We refer to
the coupled instruments as a distributed thermafugmation sensor (DTPS). The DTPS methodologyinsilar to the
Temperature Recovery Method proposed by GinzelVditttelm (1999), although our use of an electriceater provides a
more precisely controlled thermal disturbance ttisculation of fluid within the wellbore.

In the summer of 2007 we installed a multifunctiobarehole observatory at the High Lake Projece §&7°22'N,
110°50'W), in Nunavut, Canada, with the aim of ddgg a broad spectrum of environmental data. Iditi@h to installing a
DTPS, a pneumatic packer was set above the bathe gfermafrost. A U-tube geochemical sampling spstequired fluid
samples for delineating gas concentration, pH,mpierobial abundance and community structure andiigctas well as
isolating pristine subpermafrost brine for fututedses (Freifeld et al., 2005). A pressure-tempesasensor collocated with
the U-tube sampling inlet facilitated estimationhyidraulic conductivity. This paper focuses on dla¢a collected using the

DTPS, then situ estimates for thermal conductivity, and our presticGSTH.

High Lake Site and Observatory Description

Ste description

The High Lake Project Site is located in an Archawafic volcanic belt, with permafrost extending dow 460 m omma
mining exploratory lease originally purchased byliflen Resources and currently operated by Zinifaxdtia Inc. All of the
work was conducted within a 75 mm diameter borekaésignated HL03-28), which was initially drilléa 2003 to a length
of 335 m (depth 304 m) as part of Wolfden Resosrcharacterization of base metals for potentiahenuc extraction from
the High Lake volcanogenic massive sulfide depasifuly 2006, our project team cored continuodsliengthen HL03-28 to
535 m. After removing an ice blockage that formedhe borehole during the previous season, weligdta permanent

borehole observatory.

Borehole observatory



The High Lake borehole observatory targeted bathptrmafrost region for geothermal investigatiod #re subpermafrost
formation for estimation of hydrologic propertiesdacollection of fluid samples. The instrumentatainthe bottom of the
borehole, consisting of a pneumatic packer, a &-tshmpling system with a sample fluid reservoird an pressure-
temperature sensor, are collectively referred tthasbottom hole assembly (BHA). The fluid, elewitj and fiber-optic lines
running between the BHA and the surface are redetoeas the deployment string. The downhole pregsmperature
transducers serve as a calibrated reference moithié DTS.

The DTPS deployed at High Lake consisted of an HxeEeted multimode fiber-optic cable that rungrirthe top of the
packer fluid reservoir up to a DTS (DTS; Agilentcheologies Manufacturing GmbH & Co. KG, Model N438®Boblingen,
Germany) located at the surface. The DTS usesea keckscattering technique to measure temperatiinea 1 m spatial
resolution along the fiber. A description of DT®Hhaology as applied to wellbore temperature moinigpcan be found in
Hurtig et al. (1994). Parallel to the fiber-optiabte is a two-conductor 14 AWG direct burial (owiocable shorted at the
bottom, which provides uniform heating along thegih of the well when current is applied. Followitige wellbore
completion process, the temperature was allowestjtilibrate for 1 month before we acquired a basethermal profile and

started acquiring data with the DTPS.

Results

Permafrost thickness and hydrostatic head

Our baseline thermal profile provides the most esteumeasurement of permafrost thickness in tlgione as other nearby
estimates by the Geological Survey of Canada amramo{ated from much shallower boreholes (e.g.,|dragt al., 1998). A
linear extrapolation through the lower 120 m of Dd&a through the pressure-temperature sensorré-iguindicates that the
base of the permafrost (0°C isotherm) is at 458+Flne depth uncertainty is based upon propagatignperature error of
+0.1°C into the depth estimate. A small correcii®8.025°C) has been applied to account for thenthéperturbation created
near the base of the well during the wellbore catiph process, following the method suggested lgheabruch and Brewer
(1959). By plotting the temperatures measured afdtbore completion as a function of Lgig(t-s)), wheret is the time
elapsed since wellbore completion ai$ the duration of the thermal perturbation (asstiro be 1.25 days), we correct for
the effect of cooler water being introduced deépee borehole during the completion process.

The steady-state subpermafrost hydrostatic pressamealso be estimated by plotting pressure asetiéuin of Log(t/(t-

s))—referred to as a Horner Plot in well test litera. Using the pressure data from the Level Tpo#lssure-temperature



sensor, we determined the hydrostatic pressuredapth of 430 mbgs to be 3420 kPa. This is equitatea freshwater head

of 349 m, or a water table at 81 mbgs.

Thermal perturbation measurements

To conduct the DTPS measurement, we energizeddaateihcable (16.8 W/m for 43 hours followed by 20/6n for 21
hours) and obtained thermal profiles at 15-minaterivals to record the temperature transient dungaging. After 64 hours of
monitoring the heating, the generator was turndédasfd cooling was monitored for an additional Sfits. To interpret the
acquired thermal transients, we used a one-dimealsiadial model explicitly incorporating the flufdled borehole and steel
casing, surrounded by rock with homogeneous thepraglerties, to invert cooling data. Given the vieny matrix porosity
measured on HL03-28 core (< 0.01%) and the 15% {atle solution used to fill the borehole, the tatkeat of freezing of
water was not incorporated in the model. Heatinig dae not used, because small variations in $ghtiance between the
fiber-optic cable and the heating cable createelalifferences in temperatures. During cooling, heaveconduction of heat
tends to homogenize temperatures near the wellbmaking the simulations insensitive to the sepanatietween the heating
cable and monitoring fiber.

Figure 2 shows modeled cooling transients as atitmof rock thermal conductivity, with data shofar selected depths.
The model data are shown as lines and the measnreraee shown as points. Using the one-dimensiadibl model to
invert the DTPS data, thermal conductivity is estied along the wellbore with a spatial resolutiguiealent to the 1 m
resolution of the DTS. Although heat capacity isiafale, the variation is considerably less thantfi@rmal conductivity, and a
constant value of 750 J/kg°C was chosen (VostednSahellschmidt, 2003). The thermal conductivityireates shown in
Figure 3 are consistent with the borehole litholagyl literature values (Clauser & Huenges, 199bwhich metavolcanic

strata of intermediate to mafic composition conthin, mineralized zones with 15% to 50% pyrite.

Ground surface temperature history

The temperature profile measured at any given temends on (1) the geothermal heat flux, (2) cotiiand convective
heat transfer properties, and (3) the GSTH. Ithgiaus that inferring GSTH from a temperature peofs an inherently ill-
posed inverse problem. We mitigate non-uniquengsmaking the following assumptions: (1) the geoth&r heat flux—
while unknown—has been constant with time overl#s few thousand years; (2) convective heat flevweéro due to the
absence of moving fluids in the permafrost regi(®); neglecting topographic impacts and lateral toggeneity in thermal

properties, conductive heat flow is one-dimensipaatl (4) the thermal conductivities are accuratepresented by the profile



shown in Figure 3. In addition, the inverse probismildly regularized by penalizing large ampliesdin GSTH fluctuations
around an unknown mean surface temperature.

The numerical inversion code iTOUGH2 (FinsterleD20was used to estimate GSTH up to year 2000 bynatically
matching the calculated to the observed baselimpeeature profile (Figure 1). Surface temperatues warameterized by
specifying the rate of temperature increase origkeelt every 100 years. In addition, the geothermeak flux at the bottom of
the model is an adjustable parameter. Finally, tfemn temperature over the 2000-year simulationogeis added as a
parameter to be estimated. Deviations of calculatethce temperatures from this mean are mildhafieed by specifying the
mean temperature as a reference data with a pngartainty of 5°C. Assuming that we have some pkimwledge about the
mean surface temperature—even with large unceytaiptovides the regularization needed to avoid ldhgetuations in the
estimated, time-dependent surface heat fluxesta ad 100 temperature data measured in borehol@3F8 between a depth
of 30 m and 400 m are specified as calibrationtgoiith an uncertainty of 0.1°C. A weighted leagti@res objective function
was used to asses the deviations between the mdaand calculated profile temperature, and betvtberestimated and
calculated mean surface temperature. The minimuthefbjective function was identified using thevérberg-Marquardt
algorithm.

The match obtained (Figure 1) is consistent witheRkpected measurement error, with a mean tempenasidual of 0.1°C.
The inferred GSTH is shown in Figure 4. The averswgéace temperature at High Lake over the pasd 3@ars is estimated
to be -9.3 + 0.2°C. This estimation uncertaintgugficiently small so that the recent temperatmeréase to -6.3 + 0.7°C can
be identified as statistically significant. The gnol surface temperature is seen to decline 0.6t@elee years 1000 to a
minimum at 1860, similar to the trend noted by Masjicz et al. (2004) for their inversion of tempiera data from 61 wells
in Northern Canada (north of 60°N). The ground ateftemperature increase at High Lake from théellite Age minimum
at year 1860 to present is estimated to be 3.4°C.

The vertical thermal flux at borehole HL03-28 isimsited to be 67 + 1 mW/mwhich is greater than the 54 + 4 m\W/m
estimated at the Muskox Intrusion, 200 km west @jhHLake, by Beck and Sass (1966) and the valué6of 6 mW/ni
reported for two wells 320 km south of High Lake Mwareschal et al. (2004) at Lac du Gras, Nunuvatdda. It is also
greater than the value of 54.1 mW/estimated by inversion of thermobarometric dataRbgsell & Kopylova (1999) at the
Jericho Kimberlite Pipes located 230 km southwéstigh Lake. The higher heat flow at High Lake gaossibly be attributed
to the effect of the massive volcaniclastic sulfigosit, which can act as a conduit for conduatibimeat to the surface.

The reduced gradient in the thermal profile at depthallower than 150 m at HLO3-28 is consisterih wiher studies
investigating GSTH in Canada. Similar changes apagent in Northern Canadian temperature logs cechfiiy Marjorwicz

et al. (2004), Superior Province temperature I&gjseq &Beck, 1992), temperature logs from three borehmlesorthern



Quebec (Chouinard et al., 2007), and also in teatpex profiles reported in the Canadian Arctic Apeftago (Taylor et al.,
2006). However, without more detailed informatiam the three-dimensional shape of the High Lakebaty, which could
influence lateral heat flux, and/or the regionadttiy of snow cover, which would impact verticabhdux (Stieglitz et al.,

2003), it is impossible to know how much of the eved warming can be attributed to increases iticaa@r temperatures.

Conclusions

We have deployed a multifunctional borehole obderyaat the High Lake Project Site, which includesottomhole
assembly for subpermafrost geochemical samplinghgusa U-tube sampler located beneath a packer, and
pressure/temperature sensor for monitoring hydiol@egnditions. The deployment lines contained arithisted thermal
perturbation sensor (DTPS), consisting of a fibgieocable for distributed temperature measurememd a heat trace cable
to uniformly heat the wellbore.

Given the interest in using borehole temperatuoéilps as an indicator of paleoclimate, we have aiestrated a methodology
for using the DTPS data for estimating formatioerthal conductivity as a function of depth with nmezeale resolution.
Havingin situ estimates for thermal properties can reduce usiogytin inverting borehole temperature profilessding to
more accurate delineations of ground surface temper history (GSTH). While the inversion of GSTidrh temperature logs
is non-unique and with the limitation that we ldclowledge of changes in snow cover, warming of3008°C over the long-

term average appears in the HL03-28 temperaturdec
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